Introduction
plays an important mechanical role in stabilizing and preDuchenne muscular dystrophy (DMD) is the most prevaserving the integrity of the sarcolemma. In support of lent of all neuromuscular diseases affecting one in 3500 this, it has been demonstrated that the absence of dystromale births. This disease is characterized by repeated phin results in an excessively fragile sarcolemma 10, 11 cycles of muscle fiber degeneration and regeneration highly susceptible to rupture in response to osmotic with eventual failure to regenerate. Concomitantly, there shock 12 and lengthening contractions. [13] [14] [15] More recent is an inexorable loss of muscle mass and function, and a studies have revealed that dystrophin may also particireplacement of myofibers by adipose and connective pate indirectly in various signal transduction pathways tissues. The disease progresses rapidly, such that DMD since members of the dystrophin complex associate with patients are usually wheelchair-bound by adolescence Grb2 16 as well as with nitric oxide synthase (NOS). [17] [18] [19] and die in their second or third decade of life, most often At present, there is no effective treatment or cure for as a result of respiratory failure. The genetic defect DMD. However, since it is caused by a single recessive underlying DMD is located on the short arm of the X gene defect, this disease is a candidate for gene therapy. chromosome and prevents the production of dystrophin,
In recent years, the feasibility of transferring full-length a large cytoskeletal protein of the spectrin superfamily. 1, 2 or mini-dystrophin gene constructs into hindlimb skeletal Previous studies have shown that in skeletal muscle fibmuscles of mdx mice has been examined. The mdx mouse ers, dystrophin is located at the cytoplasmic face of the is genetically homologous to DMD since mutation of the sarcolemma 3, 4 where it associates with F-actin. 5, 6 Biodystrophin gene also leads to an absence of dystrophin chemical experiments have subsequently demonstrated in muscle fibers of these mice. 20, 21 Using various experithat, in fact, dystrophin links the intracellular cytoskelemental approaches including viral vectors 22-24 and intraton network to the extracellular matrix via a complex muscular injection of plasmid DNA, 25, 26 several studies of dystrophin-associated proteins.
7-9 Such subcellular have shown expression of full-length or truncated dystrophin 27 at the sarcolemma of muscle fibers from mdx mice, yet only one report has so far examined the physiological comparison to the severe deficits seen in DMD muscles, fibers contained within the bundles. Indeed, 1 week after intramuscular injection of the mini-dystrophin gene conexhibit only modest morphological and functional changes. A more appropriate model is the diaphragm struct, approximately 4% of the fibers present in injected bundles of mdx4 cv diaphragm muscles were strongly decmuscle which, in the mdx mouse, presents the same pathophysiological alterations characteristic of DMD orated by the anti-dystrophin antibody. In addition to these strongly labelled fibers, numerous fibers were also muscles including for instance, an increased amount of connective tissue as well as a significant loss of funcfaintly stained (see example in Figure 2c ). In these bundles, the total number of dystrophin-positive fibers, tion. [29] [30] [31] Therefore, it would be most useful to perform dystrophin gene transfer in diaphragm muscles of adult ie strongly plus faintly labelled, was approximately 17% (Figure 3 ). This pattern of dystrophin labelling as well as mdx mice to determine the functional impact of dystrophin expression at the sarcolemma of this respiratory the number of dystrophin-positive fibers following injection with pRSVdy-B was similar at 1 and 3 weeks after muscle. This is a particularly important issue if gene therapy is to be envisaged as a putative therapeutic approach injection. for DMD.
The objectives of the present study were therefore to Assessment of sarcolemmal stability To determine the impact of dystrophin gene transfer on determine the relative efficiency of dystrophin gene replacement in diaphragm muscles from mdx mice and sarcolemmal stability of muscle fibers from mdx4 cv mice, we subjected dissected bundles of diaphragm muscles to examine the physiological consequences of dystrophin expression on the stability and integrity of the sarcoa series of lengthening contractions. Lengthening contractions are known to induce significant damage to muscle lemma during a series of lengthening contractions. To this end, we used a model of intramuscular DNA injecfibers since they disrupt the integrity of the sarcolemma as a result of sudden muscle lengthening during tetanic tion recently developed 32 to introduce mini-dystrophin gene constructs into diaphragm muscle fibers. We chose contractions. 15, 36 Owing to this disruption, the ability of muscle fibers to generate tension decreases dramatically to study 10-week-old mdx mice, since at this developmental stage diaphragm muscles have already undergone a and, concomitantly, the sarcolemma becomes highly permeable to low molecular mass molecules such as phase of massive degeneration and regeneration as evidenced by approximately 80% of the fibers exhibiting procion orange. Using this experimental approach, we observed that central nucleation. 33, 34 A preliminary account of this work has previously appeared in abstract form. 35 following 12 lengthening contractions bundles of diaphragm muscles from control C57Bl/6 mice showed a high resistance to lengthening contractions since only a Results few fibers (approximately 1%) were stained with procion orange (Figures 4 and 5) . In contrast, bundles of diaphragm muscles from mdx4 cv mice showed significantly Dystrophin expression in diaphragm muscle following direct gene transfer more procion orange-positive fibers, thereby reflecting the greater sensitivity of these fibers to lengthening conWe examined the pattern of dystrophin expression in dissected bundles (used to test the impact of repetitive tractions (P Ͻ 0.05; Figures 4 and 5). One week following injection of pRSVdy-B, bundles of mdx4 cv diaphragm lengthening contractions; see below) of diaphragm muscle fibers removed from mdx4 cv mice following intramuscles were clearly more resistant to lengthening contractions since the number of fibers which had incorpormuscular injection of recombinant plasmid DNA encoding the 6.3 kb Becker-like human dystrophin mini-gene ated the dye decreased dramatically (P Ͻ 0.05; Figures 4 and 5) . In fact, the number of procion orange-positive under the control of the Rous sarcoma virus promoter (pRSVdy-B). 25 Expression of dystrophin was examined 1 fibers in these diaphragm bundles was not statistically different (P Ͼ 0.05) from that observed in bundles from and 3 weeks following intramuscular injection of the mini-dystrophin gene construct by both immunoperoxidcontrol C57Bl/6 mice ( Figure 5 ). In separate experiments, we verified that this protective effect of dystrophin gene ase and immunofluorescence staining. In diaphragm muscle of control C57Bl/6 mice, both approaches replacement was not related to the surgical or injection procedures per se by injecting a nonexpressing control showed, as expected, that dystrophin was expressed at the cytoplasmic face of the sarcolemma of all muscle fibvector (pBluescript phagemid) into diaphragm muscles of mdx4 cv mice. In these diaphragm muscles, the number ers (Figures 1a and 2a) . Parallel experiments demonstrated that bundles of diaphragm muscles from mdx4 cv of procion orange-positive fibers after 12 lengthening contractions was similar to those observed in diaphragm mice contained no dystrophin-positive fibers (Figures 1b and 2b) except for a few revertants which accounted for muscles from noninjected mdx4 cv mice (data not shown). In contrast to these findings which indicate that dystroless than 1% of the total number of fibers present in these bundles. One week after injection of pRSVdy-B in diaphin gene replacement clearly led to enhanced stability of the sarcolemma (see Figures 4 and 5) , intramuscular phragm muscles from mdx4 cv mice, several fibers expressed significant levels of dystrophin (Figure 1c) . The injection of pRSVdy-B into mdx4 cv diaphragm muscle only partially restored the ability of muscle bundles to distribution of dystrophin in these muscle bundles was heterogeneous as dystrophin-positive fibers appeared in generate tension following repetitive lengthening contractions. The maximal tension generated by bundles of small clusters mostly confined near the injection site.
The number of dystrophin-positive fibers present in fibers from the diaphragm of control mice decreased by approximately 17% ± 7 (X ± s.d.) after 12 lengthening conbundles of injected and noninjected diaphragm muscles from mdx4 cv mice was quantified by immunofluoresctractions whereas this protocol had a more severe effect (P Ͻ 0.05) on the ability of muscle bundles from mdx4 cv ence. In these experiments, we observed that the level of dystrophin staining was highly variable between positive mice. Indeed, tetanic tension generated by these dia- phragm muscle bundles was reduced by 38% ± 12 muscles. [29] [30] [31] Our results show that after injection of pRSVdy-B, expression of dystrophin in approximately (X ± s.d.). In injected bundles of mdx4 cv diaphragm muscles, maximal tetanic tension was decreased by 17% of the fibers significantly reduced the number of procion orange-positive fibers in muscle bundles following 24% ± 10 (X ± s.d.); a value statistically not different (P Ͼ 0.05) from that obtained with bundles of diaphragm a series of lengthening contractions. Remarkably, the functional sarcolemmal improvement induced by the muscles from noninjected mdx4 cv mice. Together, these results therefore suggest that the increase in the stability replacement of dystrophin was observed as early as 1 week after injection of pRSVdy-B. Although dystrophin of the sarcolemma following dystrophin gene transfer (see Figure 5 ) cannot entirely prevent the marked expression increased the stability of the plasma membrane, it failed however to restore fully the ability of musdecrease in tetanic force that occurs during a series of lengthening contractions in diaphragm muscle from cle bundles to generate tetanic tension following a series of lengthening contractions. mdx4 cv mice. Our immunofluorescence and immunoperoxidase experiments revealed that approximately 17% of the fibDiscussion ers expressed significant levels of dystrophin following intramuscular injection of pRSVdy-B into the diaphragm In the present study, we examined the physiological muscle. This result indicates that the efficiency of transconsequences of dystrophin gene replacement in skeletal duction with plasmid DNA in the diaphragm muscle is muscle fibers of mdx4 cv mice. We carried out gene transrelatively high compared with other muscles. Earlier fer on the diaphragm muscle since previous studies have studies have shown, for example, that direct gene transestablished that this respiratory muscle displays pathophysiological alterations characteristic of DMD fer into the quadriceps muscle group resulted in expression of dystrophin in only 1% of the fibers. 25, 26 The that dystrophin expression in approximately 17% of the fibers protected essentially all fibers present within the higher efficiency of gene transfer into diaphragm muscle fibers may result from a greater diffusion of the injected diaphragm muscle bundle from the damaging effects of repetitive lengthening contractions is of paramount solution due to a thinner endomysium and to the continuous rhythmical activity of the muscle during and importance. Indeed, the number of procion orange-positive fibers observed in transduced diaphragm muscle after the surgical procedure. It is interesting to note that our results obtained using intramuscular injection of bundles from mdx4 cv was similar to that seen in muscle bundles from control mice. This indicates that the sarcopRSVdy-B into adult diaphragm muscles compare favorably with those obtained by others with a recombinant lemma recovered its structural integrity as a result of dystrophin expression. It is particularly important to note in adenovirus used to infect hindlimb muscles of neonatal mdx mice. 23, 24, 37 this case, that the protective effect was not strictly limited to fibers expressing dystrophin. These results suggest Until now, studies performed with transgenic mdx mice expressing various dystrophin constructs have inditherefore that the efficiency of transduction may not need to be at, or close to, 100% to obtain significant functional cated that their skeletal muscle fibers present relatively normal morphological, biochemical and functional and protective benefits. Possibly, ectopic dystrophin expression restored not only the interactions between the phenotypes.
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However, the applicability of this approach in a clinical setting remains, for obvious extracellular matrix and the internal cytoskeleton of transduced muscle fibers, but it also led to an increase in reasons, rather limited. As such, our experiments aimed at determining the functional consequences of dystrophin the architectural cohesion of the entire muscle bundle. For example, dystrophin-positive fibers could act as reingene replacement in adult mice bring novel and essential information concerning the usefulness of gene therapy as forcing structures absorbing most of the mechanical stress imposed on the diaphragm bundle during lengtha therapeutic strategy for DMD. In comparison to normal muscles, the sarcolemma of mdx mouse muscle is more ening contractions, thus protecting dystrophin-negative fibers. Alternatively, since we and others 37 have observed fragile and therefore, more sensitive to repetitive lengthening contractions. [13] [14] [15] In this context, our observation variable intensities in dystrophin labelling following gene transfer, it is also possible that a large number of fibers expressing low levels of dystrophin were not detected by the immunofluorescent staining procedure. Despite these encouraging results, we still observed after intramuscular injection of the mini-dystrophin gene construct into diaphragm muscles of mdx4 cv , a substantial decrease in isometric tetanic force following a series of lengthening contractions. Although a clear tendency for functional recovery was observed, the efficiency of dystrophin gene replacement appeared none the less insufficient to normalize the capacity of transduced muscle bundles to sustain tension following lengthening contractions. This indicates that a percentage greater than 17% of transduced muscle fibers may be necessary for full recovery of contractile properties. Taken together, our results thus highlight a dissociation between stability of the sarcolemma and ability to generate tetanic tension during repetitive lengthening contractions. This, in fact, may not be all that surprising given that the integrity of the sarcolemma is only one of the key factors influencing mechanical stress. 28 Remarkably, despite significant methodological differences between the latter study and ours, the results are in good agreement and in fact, are eterious process caused by the absence of dystrophin even following several cycles of degeneration-regenercomplementary. Indeed, by injecting plasmid DNA encoding the mini-dystrophin gene into the diaphragm ation (this study). In summary, our data showing that dystrophin gene muscle of adult mdx mice, we reversed some of the phenotypic manifestations of the disease. Taken together, replacement in diaphragm muscles from mdx4 cv mice induces expression of dystrophin in a relatively high perthese results thus indicate that injection of a vector encoding the mini-dystrophin gene leads to functional centage of fibers and increases the stability of the sarcolemma, provide encouraging results for future theraimprovements of the muscle fibers by either preventing the physiological impairment 28 or by reversing the delpeutic strategies aimed at curing DMD. Additional work 406 were housed in groups of two or three, maintained on a 12 h:12 h light:dark cycle and provided with food and water ad libitum. Care of the animals was in accordance with the guidelines established by the Canadian Council for Animal Care. All surgical procedures were approved by the University of Ottawa Animal Care Committee. Injection of plasmid DNA into diaphragm muscles was performed according to the procedure described by Davis and Jasmin. 32 Briefly, with the animals under anaesthesia (sodium pentobarbital; 8 g/g of body mass, IP), the inferior surface of the right hemidiaphragm was exposed via a transverse incision made below the lateral costal margin. While holding the costal margin with forceps, 50 l of DNA solution (4 g/l) was directly injected at several sites between the inferior surface of the muscle and the overlying epimysium. This procedure was carried out using a 0.3 cc tuberculin syringe under a dissecting microscope. Following DNA injection, the abdominal musculature was sutured and the wound closed with surgical clips. and control mice. Animals were first anaesthetized with sodium pentobarbital and the diaphragm muscle subsequently removed in its entirety. A longitudinal muscle will none the less be necessary to determine, for example, bundle containing approximately 400 fibers was carefully the full impact of dystrophin gene replacement on varidissected from the injected area leaving the ribs as well ous functional and biochemical parameters and the longas the central tendon attached to the extremities of the term effects of dystrophin expression. On the basis of the muscle bundle. In preliminary experiments, we determfindings presented here, it is clear that the diaphragm ined that this dissection procedure ensured integrity and muscle of the mdx mouse is an invaluable model system optimal contractile performance of the muscle fibers. Folto address these critical issues since it constitutes the only lowing dissection, the muscle bundle was rapidly transmuscle that shows the same pathophysiological alterferred to the test chamber where it was continuously ations typical of DMD muscles.
Lengthening contraction protocol
superfused 25 was prepared by anion exchange chromamuscle bundles were left to equilibrate for 30 min in Krebs-Ringer solution. Following this, 12 lengthening tography using the Qiagen mega-prep procedure (Chatsworth, CA, USA). The DNA was recovered by isocontractions consisting of 10% lengthening at a velocity of 0.5 Le/s were applied at 15 s intervals during the last propanol precipitation, redissolved in sterile 0.1 m PBS (pH 7.4), aliquoted and stored at −20°C until required 200 ms of each tetanic contraction. In all these experiments, 0.2% (w/v) procion orange (Sigma, St Louis, MO, for injection.
USA) was added to the Krebs-Ringer solution at the beginning of the equilibration period to determine the Animals and surgical procedures All experimental procedures involving injection of plasextent of cell membrane damage elicited by the lengthening contraction procedure. 14 This dye penetrates into the mid DNA were performed with mdx4 cv mice since mutation of the dystrophin gene in these mice leads to sarcoplasm of cells whose membranes have been damaged by the lengthening contraction protocol and may approximately 10-fold less revertant, dystrophin-positive fibers in comparison to mdx mice. 43 Ten-week-old mice easily be observed in cryostat sections under the light microscope. Following the last contraction, diaphragm were used for these studies and age-matched controls consisted of mice from the C57Bl/6ScSn strain. Animals muscle bundles were frozen in melting isopentane preco- 
